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(57) An electronic device comprising two adjacent 
regions of materials with different electric properties Is 
characterized in that one of the regions is formed by a 
columnar structure of a discotic liquid cristal material, 
said structure having interspaces defined between col- 
umns of said discotic liquid material, said interspaces 



being part of the other region and comprising a second 
material having electric properties and conductivtty type 
different from those of said disootic liquid cristal. The in- 
vention also relates to a method for producing such an 
electronic stnicture. This electronic structure may be 
used in optoelectronic devices, e.g. solar cells. 




RMBdbyJouM. 75001 PARIS (fR) 



EP 1028 475 A1 



Description 

pool] This invention relates to eteclronlc devices having a stnicture on a nanometer scale and especially optoeiec- 
Ironic devices such as photovoflaic cells, photodetectore. electroluminescence devices and electrochromic devices. It 

5 especially relates to such devices comprising bicontlnuous phase separated the structures. 
[0002] Bicontinuousphaseseparatedsyslernswithphaseseparationonananometerscale 
attention during the last years. Especially, systems incoiporaling nanostniclured titanium a»de and an organic semi- 
conductof or a fluid electrolyte have been proposed for use as dye sensitized solar cells, electroluminescent devices 
and electrochromic devices. In these systems the interface between the two phases is up to several hundred times 

10 larger than in the conventional flat layer systems. An increased interface between the two phases is advantageous in 
many respects, for example in that ft improves the charge sepaiaralion in solar cells or the charge carrier injection in 
batteries or electroluminescent devices. Although these advantages can be realized by the nanoparticle titanium oxide 
structure according to the prior art. the use of titanium oxide or metal oxides in general has a disadvantage in thalll 
implies a sfcrtering step in a temperature range of about 450^ C to 500» C. requiring that the carrier of such structures 

IS is thermally stable at these elevated temperatures. This excludes polymer substrates which would be desirable other- 
wise because of their low weight and their low cost. 

[00031 J. J. M. Halls et al.. ^4ature 376 (1 995). 498 proposed a photovoltaic cell comprising two continuous separated 
phases of conjugated polymers. In order to prepare this cell, a solution of a mixture of polymers was spincast onto a 
substrate The mixture spontaneously separated into a dendritic bicontlnuous phase with phase separation on a na- 
20 nometer scale. Accordingly, the average distance between the point of light absorption and the junction between the 
two polymer phases was reduced to be less than the mean free paty of thequasipartidesc^^ 
In a solar cell prepared by the above-mentioned process each phase was in contact with both electrodes. In a further 
paper by M Granstrom et al.. Nature 395 (1998). 257 It was proposed to apply each of the two polymers to a separate 
suWrate coaled with an appropriate electrode and 1^ 

^ pxoq^" Altt^^ these approaches overcome the problem of a hitfi temperature sintering step encountered with the 
metal oxide stnjctures. they still have a drawback in that the interface between the two phases is established in a 
random manner so that the potential benefits of an interface having variations on a nanometer scale can not be fully 

30 ralc^it is the object of the present invention to provide a method of preparing an electronic stnicture having vari- 
ations on a nanometer scale with high predictability and In a controlled manner and to provide a new class c# such 
stnjclures having more precisely defined features on a nanometer scale. 

lOOOq This object is accomplished by an electronic device comprising two adjacent regions of matenals with different 
electric properties, which is characterized in that one of the regions is formed by a columnar structure of a discotic 

3S liquid cristal material, said stnicture having interspaces defined between columns of said discotic liquid cristal material, 
said mterspaces being part of the other region and comprising a second material having electric properties different 
from that of said discotic liquid cristal. Preferably, the columnar stmcture is stabilized. e.g.by crose^hWng or by other 
suitable means, so that H is especially themrtally and chemically stable and the columnar order is not destroyed or 
disturbed during the operation of the device, e.g.when heating up. A typical length scale for the interepaces is less 

40 than 100 nm and for most applications less than 10 nm. ..^ ^ 

[0007] Said two regions may fomi a bicontlnuous phase separated system, the two phases mterieaving each other 
in the region of the columns. 

rpooq The invention rnay provide that the interspaces are filled with an amorphous phase. 
[OOOq Alternatively. It may be provided that the device comprises Intercalated columns of two different discotic ma- 
46 terials 

[0010] According to a specific en*odirnem said discotic material and saw 

between the columns of said discotic material are of a different conductivity type (p4ype, n-type) sothal ap^ junctxjn 
Is fonned In the region of said columns. . ^ 

[0011] The discotic material may especially be chosen from the group consistftg of phthalocyanffies and tnphen- 

so yienes. 

[0012] Especially said discotic material may comprise a triphenylene substituted with an acceptor group. It is pre- 
ferred that said acceptor group is a trifluorosulphonic acid derivate. 

[001 3] The electronic device according to the invention can be an optoelectronic device, especially a photovoltaic 
cell a photodetector. an electroluminescent device or an electrochromic device. 
SB 100141 According to an embodirnent of a photovoltaic cell the disoitic columnar phase i^ 

phthalocyanine The conductive substrate onto which said columnar stniclure is deposited is preferably transparent 
to Upland may consist of e.g. tin-doped indium oxide (ITO) orfluorine^Joped tn oxide (FTO). Said interspaces between 
the columns are preferably filled with an amorphous phase of n-type oxadiazole. 
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[0015] In an embodvnent as an etectrolumbescent deviciB said columnar disccslic stmcture is preferably formed by 
a triphenylene derivative. 

[001 6] The electronic device according to the invention can especially be an image sensor comprising a plurality of 
light detecting regions, each comprising a columnar structure of a discotic material as described above, and be adapted 
5 for detecting different light wavelengths in different fight detecting regions. 

[0017] ITie invention also provides a method of forming an electronic structure and for producing electronic devices 
comprising such stmctures, said method comprising the steps of 

- applying a first layer of essentially paraflely oriented discotic molecules to a substrate, 

10 - depositing a second layer of a discotic material on said first layer, the material of said second layer behg capable 
of forming a columnar discotic phase on the material of said first layer, said second layer containing interspaces 
between colunvis of discotic material opening to the surface of this layer. 

- introducing a second material having electric properties different from those of the material of said second layer 
Into alleast eome of the Interspaces of said second layer. 

IS 

[OOiq The method may especially provide the step of cross-linking the molecules of the second layer at least in the 
longitudinal direction of a column. The materiab may be made crosslinlcable by substitution with groups such as epoxide 
or ethylene, which react with one another to create an Insoluble networic of ccvalently bonded molecules. The crosslinlc- 
tng may be effected by thermal radiation, by irradiation with X-rays or by ultraviolet (UV) radiation. 

20 [OOiq According to a preferred embodiment said first layer is linked to saki substrate by chemlsorptnn. In additbn 
or alternatively the substrate may be treated wHh a surface modifying agent, especially an agent affecting the wettability 
and/or surface tensk)n of the substrate. Suitable materials may be chosen from the group consisting of sibxanes, 
alkylthk>ls and polyimkies. SakJ surface nrxxfrfying agent is advantageously doped with charge transport material. As 
a further addlttonal or alternative step the surface of the substrate may be prepared with a suitable surface geometry; 

2S e.g. by creating cavities with essentially parallel tongitudinal axes. This may especially result in a step^ike surface 
structure. Such stractures may be prepared e. g. by oblk^ evaporation of SK^ 

[0020] The mventton can provkje that a second layer deposited on saki first layer is treated with a solvent to introduce 
defects, thereby creating or increasing interspaces t>etween the columns. 

[0021] The inventkxi may also provkie that the material of the second layer is deposited In a mixture wHh a second 
30 material, especially a solvent and that the second material is removed after depositkxi. If it is a solvent, it may be 
evaporated, for example. Preferably, the second layer is cross-linked prior to evaporating the solvent, more generally 
prior to removing saki second material. 

[0022] It may also be provkJed that the step of depositing the second layer comprises the step of depositing said 
disootk: material with a defect inducing steric group and that It furthermore comprises the step of subsequently disas- 

3S sociating saU steric group from saki discotic material. 

[0023] In a further embodiment the method comprises the addltkxial step of depositing an intermediate, essentially 
defect-free layer of a discotc material on sakJ first layer prior to depositing saki second layer. 
[0024] The iwentkxi relies on the surprising finding that it is possible to create a comparatively weH defined stmcture 
having variatkxis on a nanometer scale, especially bkxxitinuous phase separated systems, by making use of the prop- 

40 erty of dlsootc lk|uki crystals to fomn relatively regular columns. This was even more surprising, as this property per 
se is well known in the art. Discotic Iquki crystals had been proposed for use in solar cells. e.g. in US-PS 5 683 833, 
but no use was made of this property to fonn well defined geometries at a nanometer scale so far 
[002S] Further features, advantages and embodiments of the present inventkin will be apparent from the subsequent 
detailed deecr^ton of an exemplary embodiment of the present inventton with r^erence to the enctosed drawing. 

46 

Fig. 1 echematk:any shows an Realized pkmjre of the morphok)gy of a device according to 
in an applk^tkxi as a solar cell. 

[0026] Inaconventkxial manner, thesolarcell schematkally shown in Fig 1 comprises a pn-junctk>n system between 
50 a transparent substrate 1 forming an electrode or having an electrode applied thereto and a low woritfunctkxi electrode 
3. The p-type material is a discotk: Ik^uid crystal material forming columns 5 on a p4ype surface layer 7. Between the 
colurrro 5 interspaces 9 are defined. These interspaces 9 are filled with an amorphous n-type material, which also 
covers the columns on top and fills the space between the columns 5 and electrode 3. The material of the surface layer 
7 may be the same or different from that of the columns 5. The substrate preferably consists of a conducting material, 
SB especially a metal or. more pref erat>ty indium tin oxtie (ITO) or fluorine doped indium tin oxkie. 

[0027] In order to prepare regular columns 5 which are about paraflel. it is necessary to have the molecules in the 
first layer on whkrfi the columns are subsequently built up ordered in about the same directkxi, preferably parallel to 
the substrate. Especially, it shouM be avokied that these molecules tilt in an uncontrolled manner, resulting in a random 
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orientation of the colunms 5. 

[0Q28] According to the invention, a first way to achieve this goal is to create a surface layer of the discotic materia! 
which is to build the columns 5. but substituted with groups virhich chemisorb to the substrate. Through chemisorption, 
a monobyor of highly oriented discotic molecules is deposited on the substrate. Typical appropriate groups for chem- 

5 isorption may include for example carboxylic, sulfonic or phosphonic acid groups for attachment to transparent con- 
ducting oxide electrodes or thiol moieties for attachment to metals such as Ag and Au. On this surface layer, columns 
5 are formed by depositing discotic material without said chemisorbing groups on said monolayer which will fomi a 
colunv>ar phase, the highly oriented surface layer causing an essentiatty parallel growth of the columns. 
[0029] A second way to achieve the formation of regular columns is to prepare a suitable geometry of the surface, 

10 e g by oblique evaporation of SiOx. to fonn cavities with well defined longitudinal axes promoting the building of regular 
columns. Especially, by means of the "selfshadowing effecf a step-like structure can be created which promotes the 
building of tilted columnar phases. 

[0030] A third way is to modify the surface properties, especially the wettaWIHy and surface tension of the substrate, 

by depositing a thin layer of modiflying material to the substrate which may be advantageously doped with charge 
IS transport materials. Suitable materials may include, but are not limited to sikaanes. alkylthiols and polytmides. and 

may be applied by solvent casting or evaporalton techniques or by physisorptkxi or chemisorption. 

[0031] The methods set out above may be used alone or in combinatton with each other. 

[00321 In principle, once a first layer of highly oriented discotkj molecules is created on the substrate 1. regular 

columns 5 will grow thereon when depositing discotk: material. However, in order to create defined interspaces 9 
20 between the columns that are to accommodate the n-type material, it is necessary to control the distance between the 

columns. 

[00331 One way to vary the distance between the columns 5 is to chose the skie groups or side chains of the discotic 
ffTK)lecules to have an appropriate length. 

[00341 According to a prefen-ed embodiment of the inventton. defects are created in the column stmcture grown on 
fis surface layer 7 leading to interspaces in which the n4ype material may settle. A first way of creating such effects is to 
deposit a layer of columnar discotte material and to treat this layer with a solvent that introduces defects. 
[00351 An alternative approach is to apply a layer of columnar discotk: material in a mixture with a second matenal 
iirtiich can subsequently be washed away. e.g. byasolventwhkrfi does not dis^ 

ing the discotk: material after depositkxi and before washing the second material away Size and quantity of the inter- 
30 sraces win depend on the concentratton of saW second material. The discotk: material may also be supplied in a 
mixture with a solvent whfch is subsequently removed, e.g. by evaporation. By varying the solvent concentratkxi, the 
defect density can be varied. By ntroduckigasohrent gradient or by applying layers^ 
in subsequent steps the geometry of the interspaces can be varied In the tongltudinal directton of the columns. 
(OOSq A third approach is to functkxialize the material ki the columns with defect inducing sleric groups whfeh are 
3S subsequently preferrably themiteally or optfcally disassociated from the discotc material. 

[00371 According to a preferred embodiment, when using this defect generating approach to define the interspaces, 
one proceeds by first depositkig a highly ordered thin layer of discolfc material fomning a columnar phase with a thick- 
ness of about 1 5 nm and subsequently depositing one or wore defect containkig layers on this first layei; the columnar 
stmcture of the first layer inducing a columnar order in the subsequent layers. By varying the defect density of subse- 
40 quent layers the wkJlh of the interspaces can be modified ki the vertfcal directkxi. Preferably, both horizontal and 
vertbal crosslinking is effected after depositkig each layer so that the interspace pattern gets fixed. According to the 
presently preferred embodiment, one applies a highly ordered monolayer of discotk: material of the substrate prtor to 
depositkig sakJ first defect-free layer, e.g. in one of the vrays described prevkxisly. in order to get a highly regular 

columnar structure. ^ l . 

45 [0038] Materials whkrfi are suitable as p-type discotk: materials are especially phthakxryanines and triphenylenes. 
Phthak)cyanines are advantageous hi that they can be used as optkal absorbers in pholodetectors and solar cells. 
Acceptor substituted triphenylenes have suitable electron transport properties whteh can be modified by choskig suit- 
able acceptor groups. Trifluorosulfonk: acid derivates are particubriy prefered as acceptor groups, since they altow 
the additksn of alkyi chains to stabilise the discotk: phase. Charge transfer complexes can also be implemented, e.g. 

50 between triphenylene and trinltrofluorene. 

Example ISofar Celt 

[00391 A layer oonslstkig of a discotk: phase of a Zinc phthakx:yanne p4ype conductor b prepared on an ITO sub- 
ss strata by the folksfwing steps. 

(a) A monolayer of the foltowing phthakx:yanine (I) is chemisorbed onto a glass substrate coated vwth a 100 nm 
thk:k layer of tin-doped kidium oxkle (ITO). 
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Where R1 = n-decyl and R2 = CH3(CH2)6COOH 

(b) A layer of approximately 15 nm thickness of the following phthakxyanine (II) Is deposited onto saki monolayei; 
heated to the temperature of f omiation of the highly organized discolfc phase and crosslinked through U V radiatkxi 
whRe in the discotk: phase, thus fixing the order of the phase. 




112 ai 



Where Rl = n-decyl and R2 = CH3(CH2)6CH=:CH2 

(c) Asecond layer of (II) mixed wtlhcyctohexanone Is deposited onto this first layer. Due tothe mixture wHh solvent 
the second layer contains defects defining interspaces between the columns. 

(d) foUowing UV initiated ciosslinking the solvent is evaporated. 

[00401 A tow melting point n4ype oxadiazole is deposited into the crosslinked discotfc layer such that and diffuses 
in the interspaces. Subsequently a cathode of 100 nm of Alls deposited. A thus prepared devfce. when exposed to 
sunlight, can show a hi^h efficiency of charge separatkxi and generate voltage and current, thereby f unctiontng as a 
solar cell. 
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Example 2: LED 

[0041] On an ITO substrate a discotic phase of a tr9)henyline derivative having a specific defect density is prepared 
similarly to steps a) to d) of example 1 . On the columnar phase thus created an interpenetrating layer of amorphous 

s poly(alkylfluorene) is applied from a toluene solution. An electrode consisting of a LiF layer of about 5 nm followed by 
an Al layer of about 100 nm is subsequently appBed. Upon application of a DC voltage the device emits blue light 
corresporxling to the photoluminescence spectrum of the polyfluorene. In this example, the triphenylene facilitates the 
hole injection into the polyfluorene due to its lower oxidation potential. Due to the large surface area at the interface 
the charge injection is enhanced and the efficiency of the device and the maximum injectak}le current can be increased. 

10 [0042] The columnar structure of the device according to the present invention has a specilic advantage when applied 
to solar cells in that It allows a comparativety large thickness for absorption of the photons and yet a very short average 
distance from the site of absorption to the interface due to the interdigitated interface stmcture. 
[0043] Although the exemplary stmcture as described previously had a discotic phase and an anrK)rphous phase, it 
is perfectly possible to have structures with two discotic phases penetrating each other. In principle, one could proceed 

IS as proposed in the prior art having two conjugated polymers that spontaneously separate. However, rather than ap- 
plying both materials simultaneously and relying on the spontaneous separation, according to the invention first a 
columnar structure of one material is built and the second material is then albwed to settle in the interspaces between 
the columns of the first materials. It may also be contemplated to create a first monolayer in which the two phases are 
allowed to separate in an essentially two-dimensional pattern and then to grow columns of both materials on this 
20 monolayer making use of the selectivity of the column-forming process. 

[0044] The depositton of the discotic phase preferably occurs from the Ix^uid phase. Generally vacuum depositkxi 
may also t>e contemplated. 

[0045] Cross-linking may occur once after the columns are formed or sequentially in subsequent steps, e.g. part of 
a column is grown and cross-linked and subsequently a furtfter layer is grown thereon and cross-linked and so on. 
2S Cross-linking may be effected by well known techniques, e.g. by empkyying expoxkle groups. Cross-linking shouM 
occur at least in the ksngitudlnal (vertical) direction of the columns, although horizontal and vertteai cross-linking is 
preferred. 

[0046] The structure according to the inventkyi may also be used in an advantageous manner with the concept of a 
solar cell. The absorbing dye may be different in different parts of the structure so that the devfee may be used as an 
30 image detector. Likewise, when used as an electroluminescent devfee, the structure may be configured such that it 
emits light at different wave lengths in different regtons of the stmcture, making it especially useful for high resolutkxi 
display purposes. 

[0047] Whereas the previous exanrtple was described to have a p-type rriaterial as a discotic phase and a n-type 
material for the amorphous phase, and n-type material cpuki as well be chosen for the discotic phase and a p-type 
3S material for the amorphous phase. 

[0048] The features of the present inventkxi disclosed in the specificatkxi, the claims and/br the drawings may. both 
separately and in any combin a tion thereof, be material for realizing the inventnn in various forms thereof. 



40 Claims 

1. Electronic devk:e comprising two adjacent regkxis of materials with different electric properties, characterized in 
that one of the regksns is formed by a columnar structure of a discotic lk|uid cristal material, saki structure having 
interspaces defined between columns of sakJ discotk: liqukJ cristal material. sakJ interspaces being part of the other 

45 regksn and comprising a second material having electrb properties different from that of sakI disootk: liqukj cristal. 

2. Electronic device according to claim 1 , characterized in that saki two regnns form a bicontinuous phase separated 
system, the two phases interieaving each other in the region of the columns. 

so 3. Electronic device aooording to claim 1 or 2, characterized in that the interspaces are filled with an amorphous phase. 

4. Electronic devce according to one of claims 1 or 2, characterized in that it comprises intercalated columns of two 
different disootc materials. 

ss 5. Electronk: device according to one of claims 1 to 4. characterized in that saki discotk: material and saki second 
material filling the interspaces between the columns of sakJ discotic material are of a different conductivity type 
(p-type, n-type) so that a p-n junctksn is formed in the regkm of sakI columns. 
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6. Electrcsnic devtee according to one of claims 1 to 5, characterized in that the discotic niaterial is chosen f lom the 
group consisting of phthalocyantnes and triphenylenes. 

7. Electronic device according to claim 6. characterized in that said discotic material comprises a trphenyiene sub- 
5 stituted with an acceptor group. 

a Electfonicdeviceaccordingtociaim7, characterized in that said acceptor group isatrifluorosulphonicactdderivate. 

9. Electronic device according to one of claims 1 to 8. characterized in that it is an optoelectronic device. 

10 

10. Electronic device according to claim 9, characterized in that it is a photovoltaic cell. 

11. Electronic device according to one of claims 9 to 10, characterized in that said interspaces between the columns 
are filled with an amorphous phase of n4ype oxadiazole. 

15 

12. Electronic device according to one of claims 1 to 11, characterized h that it is an image sensor comprising a 
plurality of light detecting regions, each conr^rising a columnar stnjcture of a discotic material, and Is adapted for 
detecting different light wavelengths in different light detecting regions. 

20 13. Electronic device according to one of claims 1 to 8. characterized in that it is an electroluminescent device. 

14. Method of forming an electronic stnicture comprising the steps of 

- applying a first layer of essentially parallely oriented discotic molecules to a substrate, 

2S - depositing a second layer of a discotic material on said first layer, the material of said second layer being 

capable of formrg a columnar discotic phase on the material of said first layer, said second layer containing 
interspaces between columns of discotic material opening to the surface of this layer. 

- introducing a second material having electric properties different from those of the nrmterial of said second 
layer into at least some of the Interspaces of said second layer. 

30 

15. Method according to claim 1 5. characterized by the step of cross-linking the molecules d the second layer at least 
in the longitudinal d'vection of a column. 

16. Method according to claim 14or 15, characterized in that saidfirst layer is linked to said substrate by chemisorption. 

35 

17. Methodaccordingtooneclaims14to16,characterizedinthala6econdlayerdepo6itedonsaWfirst 
with a solvent to introduce defects, thereby creating or increasing interspaces between the columns. 

18. M^hod according to one of claims 14 to 16. characterized in that the material of the second layer is deposited in 
40 a mbrture with another material and that sakl other material is removed after depositk)n. 

1 9. Method according to one of claims 1 4 to 1 6. characterized in that the step of depositing the second layer comprises 
the step of depoeiting sakJ discotic material with one or more defect inducing steric groups and that it furthermore 
comprises the step of subsequently cfisassociating saki steric groups from said discotc material. 

46 

20. Method according to one of claims 14 to 19, characterized by the step of depositing an Intermediate, essentially 
defect-4ree layer of a discolfc material on said first layer prior to depositing sakI second layer. 
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